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A SSMI-Hi.2?I0mL GHISlRiOIT FOH mTSOMETHICAL GUST I,OADS 
By EicJiarrd Y, Eiiode and Eemr^ A.,. Poarson 



Tlie prol3lom of establishing a r8,tional unsyjaraetrlcal 
gust-load criterion from a-vaiXatle data on gust stri^cture 
is briefly discxxssed. aiid it is indicated that the prolileQ 
canrot bo solved at the pressat stat?* of know-lodge without 
extensive and qiiosuiona"'3l.c analysis » On intoria s<3ni- 
rational critorion, tased on nor,c;al and angula? acco-lera- 
tion data ottaincd in rough air on tljo X3.r-15 airplano, is 
sugge stGd* 

EiLis intoriia- critorion states (a) tlio int-onsity of 
the sysaiaot.r ical conponont of gust, ^^q,' , to, be qonsid.QT^od 

as acti,:ag siaultaii.aously ^Titli the aole.ctod unsynraetricai 
conpon©.Jit, and (ti) tli.o in-tens-ity of' e'J-s'fc* ^t* to "bo 
considerod aS acting; at tlie Tsring tips with, an- assuaed lin- 
ear unsynnotricai gust distribution. Values of Is/kjj 
(vis?-, span divided "oy radius of ^yratio,n) to "bo used in 
tlao ovaluation of angular aqSGlorations -wtth tlxe proposed 
gust conponcnts are also- suggdstod, Tke crltoriiDn, to do 
applied at tlio sane spood. as is used for tho synnotrical 
gust and tfitli tlao airplane in the li^'ntly loaded condi- 
tion, copprisQs tJa-e follo'v/ing values: 



SITkiftAHY 



= 0,8 U. 



'Uj, = 2Q ft /sec 



A irplane. t:i 



Singie-ongino 



S , 25 



i'wo-englao and tliroor-cngino- 



7.75 



Pour ^engine 



7.25 
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Tlio currently used 100/70 design criterion for unsjru- 
notrical loads or, airplane wings has Tseon adnittedly un- 
satisfactory prinarily "bocauso it is irrational aid also 
bocauso it leads, in soao cases, to obviously cxcossivo 
strength rcquircncnts. The need and gonoral requirenents 
f o r a, rational criterion liave long ibeen clear enough, "but 
such a criterion has jbeeu inpossiole to estalslxsli "oecause 
of the ooaplezity and larf^ely unknown character of gust 
distriDution in the atuosphere, a thorough knowlodgo of 
which is essential to a truly rational solution of the 
prohlea. While solutions can he evolved in individual 
cases fron extended calculations, such solutions are not 
generally applicable and, noroover, there is little or no 
"basis for any gust distrihution that may "oe assumed. 

The purpose of this raeraorandum is to discuss briefly 
the nature of the general problem from the standpoint of 
available information on gust structure and to suhait a 
suggestion for a generally applicaole unsymmetrical gust 
criterion that is at least se-ai-rat ional in shara^cter and 
that yields design loads which appea,r to be reasonalsle and 
in accord with availaule acceleration data. The criterion 
suggested offers nothing of value tyith respect to tho de- 
sign of tho primary T;ing structure, out it docs serve as a 
moans of ostaoli shing design load factors for engine-mount 
supports and other supports for fixed laasscs located away 
fron tho piano of symciotry of tho airplane. 

The ITonuniforE Gust Prohlea 

A coaplotoly rational procedure for the dctornina- 
tion of design wing loads in nonuniforia gusts requires 
( a ) a, thorough knowlodgO of gust structure under various 
ataosphoric conditions, (h) knowledge of unsteady lift 
phenonena under nonunifori-i conditions along tho span, 

(c) knowledge of the airplane characteristics, including 
rolling noncnt of inertia, in advance of construction, and 

(d) tho uathemati cai detornination of the 8,irplano rjotion 
in tho ir.roortant gust distributions. It prohahly is true 
that, in the case of s.^all and sodcrate-size airplanes , 

tho angular accclercit ion occurring in coahination with sone 
substantial linear acccloration is the only effect of im- 
portance arising in unsyanetrical or nonunif ora gusts. 
Howovey, in the case of possihlo futuro largo airplanes. 



3 



in which nost of the load is carried in the mings and dis- 
tributed approxiciately in conforaitsr with the noraal lift 
distribution, and to a losser degree in the caso of exist- 
ing large airplanes, tlio eslsterice of a localized gust of 
high, intensity nay result in critical wing stresses irro- 
spoctivo of the values of the angular or norrial accelora- 
tioB,p She general therefore, involves considera- 

tion of each of the noro-or-lcss randoia gast distriliut ions 
that laay actually occur. 

Let us consider hricfly the gust structure or, more 
specifically, the relation between gust gradient, size or 
spatial extent of gust, and the gust intensity. Under 
certain hypothetical conditions, reference 1, it is possi- 
ble to arrive at the theoretical result that 

17 ^ OB H 

■ n 

whoro 

naxinura gust velocity 

and 

E distanco in which the gust yolocity 
increases fron zero to naxiaun 

This relation docs not represent the corsospondcncc of any 
gust with its gradient distance, out it represents rather 
the locus of the nasinun gust intensities likely to be ex- 
perienced, over a long ijoriod of tiao, provided, the condi- 
tions giving rise to the gusts reqain constant, Bzpori- 
pental data obtained in flight neasurenonts soon to bear 
out the relationship approzinatcly ~ even when taken with 
such a vriao range of airplanes as fron the little "Aeronca" 
to the large M-130 and X3-15, 

On the other hand, there is no correlation found 'be- 
tween gust intensity and gradient distance when dealing with 
tho data as a whole (reference 2), Ihis result is to bo 
expected on tho basis of certain physical considerations. 
For oxanple, a thernal convection current nay, in a slnplo 
case, jbe viewed as a frcc-air jot whose origin is rather 
indefinitely defined as compared nith the origin of a jet 
issuing from an orifice. But even in the latter case the 
jet has a boundary layer that grows thiclser as tho distanco 
from the orifice increases , so that tho velocity gradient 
(gust gradient) nay have a wide range of values for a given 
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velocity of the core, In the case of the actual, thermal, 
with its indefinite origin cluaracter istics , tliero is not 
oven the p o s s i b i 1 i ty of defining gradient Aistancos in 
terms of height above tb.o origin, so that tho gradients 
may have almost any valuo wixatovor, being limited probably 
only as to thoir maximums. 

Within the boundary zono of a tliormal, masses of air 
of various sizQs arc set in rolllag or whirling motion as 
a result of tlxQ slioarlng of tlio vertical current with re- 
spect to its onv/ironrqont . It is to bo oxpcctad. that; tho 
poriphoral velocity of tliaso rolling masses will be approx- 
imately tlio saroo aa tho vGlocity difforonco totwoon the 
core and its onvlronraent " probably less owing to friction^ 
al losses, bur; possibly sometiiat greater owing to conser- 
vation of moraontun (if tl^o whirling aass is soraowhat con- 
prossed 'bocauso of dynamic forces ozortod by adjacent mov- 
ing nassos within tlio syston). 

It a.x^pears frora tjio foregoing considerations tliat, in 
general, no relation "between gust gradient and gust inten- 
sity exists or can o:<ist and that tho gradient may have a 
variety of values for any given value of the jaaximum veloc- 
ity. 

In regard to size or spatial Cyctent of gusts, it may 
be said that acceleration data obtained on airplanes vary- 
ing greatly in size indicate that gusts causing the high- 
est accelerations have gradient distances of about 8 to 3D 
chord lengths (or about 1 span length). Without detailing 
tho reasons, it aay further bo said that, in consequence 
of this result and of the details of the records, gusts 
caay ho pictured as varying in ^izo in a randora way fron 
dimensions that are sraall compared ^•^rith the span to dixaon- 
sions that are largo conparod with tho span, and also that 
the gradient distance in the direction of flight may, in 
general, bo considered as of the sane order as the gradi-r 
ent distance Ie the dirostion of the span, While admitting 
tho crudity of this infornation, wo nag perhaps bo justi- 
fied at this point in idealizing the coacopt of gust struc- 
ture for the sake of attoapting to provide a working 
basis « 

Such a coiicoptt that docs ROt contradict tho qssontial 
known facts is jlXustratpd in figure 1, Tho largo gust 
shown is the one that would yield tho raaxira^q nornal ac- 
celeration if the airplane ponetratod it synnetrically. 
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Tliis gust nay "bo considorod oitlior as a conplcte or a 
truncated pyraraid (or coiie). In tho truncatod caso t?ao 
T7idtli of tiio flat top is aljout equal to tiae span and tlio 
gradient distance has a siuilar value ^ alsout 8 to 10 
Cxiord iGugtiis, Iho airplano attains naxinun acceleration, 
just as it roaclics na:sii3un gust intensity, U, for tlio 
pitching alleviates tiae load 'oeyond tliis position, wliilo 
aliead of tlxis position tlio pitclaing lias little or no ef- 
fecte Had tlao gust Ijcon laucla smaller, "but goonotr ically 
siiailar and vrith. tlio saa© najciaurj velocity, tlie accelor-. 
ation vyould have Ijoon loss prinarily TsGcauso of tlxe re- 
duced lateral dinonsion, and "botlT. tlxe tine aad the dista,nco 
fron tlio start of tiiC gust to poak load would liavo "faeon 
loss iDocause of tac reduced longitudinal diaensioa* Had 
tao gust "boon rauch lar^foi', out ^:^conotrically -siailar and 
rrith. tlio saao naxinun velocity, the acceloration '.Toixld 
lilrcwiSG liavo teen less ■because the alleviating effect of 
xoitching trouli have coao into play "before tlio position of 
nasinun fust intensity had been reached. Those results 
arc ';7g11 in accord vjith the results of the acceloration 
noasurorjcnts in fli.'^ht previously ncntioned, She assurap- 
tior. of conplotoly pyranidal or conical, rather than trun- 
cate 1, ;^*ust fora Touid have ,?;ivcn similar qualitative 
arf^rooncnt, 

llo'Wf if T7C discount the cubic parahola hypothesis and 
assuno, on the "basis of this discussion;, that the c'l-'ists of 
various sisos havo, under a given sot of oircxinstances , 
the saqo uaxinurj velocity, xjq nay further crystallize our 
TTorkin^ concept. Such an ^ssuaption, so far as tho non- 
uniforn or unsynrjotrical .<?ust problen is concornod, is con- 
servative relative to tho cu"bic parabola hypothesis, -i^hich 
states that the snaller fusts havo snaller intensities in 
accordance ?rith the relation JJr-^ oe H, 

With the assunption. of equal intensities, vro nay now 
picture fUSts of va,rioias sizos, such as sho'.7n in figure 1, 
acting at any location silonr; the span, She so gusts nay "bo 
of any size and. distribution according to a perfectly ran-> 
don pattern. Snail ones, such as shown, would lead to lo- 
calized forces but slight disturbance of the airplane as a 
whole. Other sizes and combinations would lead to differ- 
ent results, and the motion of the airplane and stresses 
in the wing stx-ucture would depend not only on the sizes 
of tha gusts but also on their distribution along the span 
and in tho direction, of flight and on their vertical di- 
re c tions e 
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It can therefore be seen that no single, or few gust 
distributions can be selected from the flight data to use 
as criterions for unsymmetrxcal loads. Ilie only possible 
manner in which this prolilem can 'De truly rationalized is 
to analyze the stresses in and motion^s of a / airplane un- 
dor a considerable numTjer of the possible conbinations of 
gusts that can be visualized in accordance with the general 
idealized distribution pattern. Such a-n analysis would 
have to be based on "true" gust velocities as distinguished 
fron "offectivo" gust velocities, and the unsteady - lift cf- 
facts and airplane motions -^ould 'nave La be taken into ac- 
counts The unsteady-lift consideration alone poses quite k 
prohlen^ for tho theory has heen ostaolished only for uni- 
form dlstriDution along tho span; rather drastic sinplyfyT- 
ing assuiaptions -vroul d therefore have to he made to take 
inAo acccuot the unstoady-llf t effect. Of course, the 
tremendously extensive analysis required for a solution, 
for even one airplane could not possibly be undertaken as 
a design prohlem:. It would, therefore, be necessary for 
someone to undertake a more general analysis in order to 
sttidy the effects of the random g^ast distrihutions on tho 
Tiring beading moments and shears, and on the airplane mo- 
tions for several airplares of different sizes and typos. 
In this may it migiat 'bo Pound possihlo ixltlmately to de^ 
fine simplified conditions and methods that would yield 
su'Dstantially correct rosixlts for the critical cases, 
Such analysis is reserved for the future, mien time and 
personnel will permit prosecution of t.ao work* 

For the present, a more simplified attack on tho 
problem nill have to suffice. The question of gust struc- 
ture Trill be side - stepped as much as possible and the oh- 
jective vill he to set up a semi -rational criterion for 
comhinod normal and rolling accelerations that will yield 
reasonable values laoro or less in accord trith limited 
flight data and with past design practice. 



Derivation of AccGlGration Criterions 
for Vrisymme tr i cal Gust s 

laDle of Symhols 

f weight. It) 

S wing area, sq ft 

q dynamic pressure,, Ih/sq ft 



n slope of lift carvo, radian aoasuro 

2 

Ijj moment of inertia about x axis, slug-ft 
"b wing span, ft 
A aspect ratio "b^/S 
U normal gust veiocity, ft/sec 

lb sec^ 



mass density of air. 



ft 



a angular acceleration, rad/soc^ 

C'^ theoretical, r olling-raoment coefficient 
P 

n load factor 

f factor for corrocting effoctivo gust volocitios; 

ratio of wing and contained woights to total air- 
piano weight 

Cj^ lift coofficiont 

kj- radius of gyration about x axis, ft 

g accolcration of frravity, ft/sec^ 

Y distanco along span, ft 

V airplane velocity, ft/sec 

H gradient distance of {^ust in direction of flight, 
viz, distanco from U ~ 0 to U = Unjas: 

Subscr ipt s 

0 sea level, initial 

s syraootr ical 

s* reduced S7ini?»etrical 

e effective 

e« reduced effective 



a 



Subscripts (cont ■) 



d 


design value 




t 


tip 




L 


high-speed level fli 


ght 


g 


raaxinun. pomissilxlo 


gliding 


X 


indicated 




n 







jG:je.n. eral coasidorati ons Soao unpublished tests aado 
on the XB-15 airplane is rough air forn the basis for the 
n-!ai3erical values of the critcrions to Idg established, In 
these tests, hoth resultant nornal and angular accelera- 
tions T7oro obtained fron siaultanoous acceloration noasuro- 
nonts at the airplane center of gravity and at a point in 
the V7ing 29 feet 1 inch outboard fron the plane of synaotry, 
Fron those data it is possible to doduco the nagnitude of 
the nasiaun unsynnotrical offoctivo gusts, based oh the as- 
sunption of linear distribution along the span and corre- 
sponding to the uaxinura synuotrical effective gusts exist- 
ing under the saao ^^eatlior conditions. She nagnitude of tho 
unsynnotrical gusts thus found can then be increased to 
correspond to tho synnotrical offcctivc gust intensity of 
30 foot per second, -urhich is approzinat oly tho value cur- 
rently used as a 'basis for design, 

She flight data are not sufficiently oxtonsivo to per- 
nit iircct dot crninati on of tiiO largest linear accolora- 
tions that aay bo suporinposed on the naxxraun angular ac- 
celerations, o?/ing to tho loTT probability of such conbina- 
tions« Hcwover, it is oviient that tho unsynnotrical gust 
cannot logically bo suporinposed on the desif^n nornal gust 
for tho reason that such procedure inrjlios the propriety 
of dosisning for a nore severe nornal gust then has been 
selected for lesir-sn purposes. It is eq.ually obvious that 
there is no point to superposing a nornal gust of low inten- 
sity, suck as night bo obtained directly fron tlic test data, 
for then tho conbinod accelerations at important stations 
out on the T;?ings vrould be less than that resulting from 
the design normal gust alone. 

Wo shall therefore select a normal gust of such value 
that, \7hon it is conbincd vrlth. the unsynnotrical gust, the 



resulting bending moments and shears at the wing root will 
be subabantially equal to the moments and shears resulting 
from the design symmetrical giist alone. This process 
amounts to selecting the mzimum syDmetrical cofl5)onent pos- 
sible without laising any question as to the necessity for 
designing the primary wing structure for the unsymmetrical 
condition. If the value selected appeals reasonable in 
the light of past practice and in the light of the limited 
available test data, little concern need "be felt over its 
arbitrary origin. 

Flight data ." The applicable flight data were ob- 
tained during a period of flight of about 10 minutes, 
which ¥as the roughest period in about 70 hours of cross- 
country flying. During this period the maximum normal ac- 
celeration increment at the center of gravity was l'5g; 
which value corresponds to an effective gust velocity of 
18il feet per second, obtained from the following expres- 
sion: 



a 



in which 

Ug effective gust velocity, ft/sec 

load factor increment, 1 .5 
W weight at time of measurement, 52,000 I'b 
S wing area, 2780 sq ft 
m slope of lift curve, 4.76 

indicated speed, 27^ ft/sec 

p standard mass density of air, 0.00238 
slug-ft^ 

The maximum differences between the simultaneous ac- 
celerations at one outboard nacelle and at the center of 
gravity were about l«lg, which valuo corresponds to an an- 
gular acceleration of 1.2 radians per second^ computed 
from 
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in TTliicli the distance, was 29 feet I incli, 

Sy aluat l on pi ef fe ctiv e , l inear .UBsy.BnT^ jQXBt . „ 
Tiie efiective lineally> graded unsymmetrical gxist corre- 
sponding to the measured angular acceleration of 1,2 radi' 
ans per second® can "be evalaated from. 



0^ q S "b 



(3) 



IT^ effective gust velocity at tlie tips; positive 
at one tip, negative at the otlier tip 

1„ ciomont of irertia, 539,000 sl-ag-ft , computed 
fron. equation (ll) , rcfercnco 3, as value 
existing under conlitiorvs of test and corre- 
sponding to a value of '° /^x ~ "^'^^ 

q. dynaraic pressure, 8 9 It/sq ft 

0, theoretical constant for 4:1 taper and aspect 
p ratio, 8, Tlie value is 0,455 from fig, 8 
of reference 4, 

t wing span, 149 f t 

23ie value of TJ^ is found to "be +13,7 feot per second. 

Since tliis value -Tiras o'btained from aeasureaents in 
rough o;ir, in Tj-hich tho isaxinua norraal effective gast ve- 
locity i!7as 18,1 foot per socond, it I s probable that 
would h-avo boon greater had tlie air been rough enougli to 
have caused i-ornal offectivo gusts of 30 loet per second 
to tie Doasurod, It soens reasonable, tlie-^efore, to increase 
the measured value of by tlie ratio 30:18,1 in order 

to obtain a design value of rj compatible Tit't^ tlxe design 

norraal effective gust of 30 felt per second, Tm increased 
val'o.o of tJ^j. is 22,6 feot por second. 

Selection of norrAal gust cqmponont ,- As previously 
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pointed out, tlao XB-15 test data arc considorod inadoquato 
as an cnpirical basis for tho scloction of a normal gust 
Gonponont to bo applied sinraltanoously with the maxinjun 
unsynnotrical conpouent. It is perhaps T?orth rioting, how~ 
ever, that tho nornal conponont aeting sinultanoously -^ith. 
tho maxinum un symmetrical condition measured in the tests 
was about 75 percent of the xaaxiiaura symmetrical component 
meastired, ¥e should thesefore expoct, on consideration of 
prohahilltiQS , that had the rough-air condition lasted 
over a longer period of time this figure would have hoon 
somewhat groator, 

Procooding on the hasis of equal bending moments and 
utilizing results given in references 3 and 4, the follow- 
ing expressions arc ohtainod for tho banding moments at the 
wing root in the symmotrical and unsymmotri cal casos, ro- 
spectivoly : 



M 




and 





a 



(5) 



i n which 




bending momont coefficient for the symmotri- 
cally distributed air load 




bending momont coofficiont for symmetrically 
distribute?! wing inertia load 




bending moment coefficent fos the lineally 
graded unsymme trical gust 




"bending moment coefficient for the angular 
inertia load of the wing 



12 



Hg' reduced load factor 

f ratio of wing, and contaxnod weights to 
tota,l airplane woiglit 

According to car promise, wo wish to solyo first for 

the ratio of to Ha whon Me.' equals Ho • 

^ ^ ^ root ^root 

SincG, from oquatiori (3), 



a == 



C, q. S "b U.V 

■P 

' T "ir " 



and sinco 



and 



0 g- 



wnorc 



and 



dOGigiE gliding speed 



lift cocfficiont at this speed corresponding 
to rig wo arrlvo, through appropriate 

sutsti tut ions in ocLuations (4) and (5) and 
by algebraic laaaipulation , at the ratio 



s 
n« 



M 



1 - 



's 



a 



/5a 



V nlby \fnWby 



(6) 



This eguation may Jbe written 



n 



= 1 - ]s 

s 



(7) 



in which k represents the quantity appearing within the 
brackets of ^equation (6), 
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The terms within tho Brackets nay he assigned numori- 
cal values fron refsrences 3 and 4 in harmong vritlx the de- 
sign characteristics 02 any- airplane under consideration. 
Substitution or" a num'ber of different "but possible values 
for these several terns indicates that k has a prolDable 
range from about 1,0 to 1«3, For example, the value for 
the XB-15 at the tiiae of the tests previously laontionacd 
has been found to bo 1,13, 

STow, with "U^ having a valuo tentatively assigned 
(say, 20 ft/soc) and and Gt^ having valuo s within a 

rGasona'dlQ range, the veiiue of ng'/n^ is but little af- 

footed by substantial variations in k (viz, a change in. 
k of 0,1 affects the load-factor ratio less than 2 per>^ 
cent) e Tho qxxantity k naj, for practical purposes, 
therefore, ibe taken as constant at its moan vtilue, Sijace 

and k now have fixed vciluos, the load-factor ratio 
varies only with th<3 prod-uct ^ ^ Hot does this prod- 
uct change cnougn vith various feSs^S'is Lo affect the ratio 
greatly, nnd it has been found by substituting values for 
a considerable range of conditions that the load-factor 
ratio 'vTill be very nearly 0,87 t^non U^. is taken as 20 foot 
per second. 

The final step is to dolormino the roducod effective 
syrarnetri cal gust velocity, ^c'^ corresponding to a load- 
factor ratio of 0,87, Since 

ng' = 1 -1- Ang' (8) 



wo find by substituting in equation (7) that 

1 + Ang' - ng (l - 3. —^^^r-) O) 

But 

AlXg' P. ^—^ (10) 



and 



Us « X + Ang 1 + — 2~ Yf/'s — ^"^^^ 



so that 
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s 




2f 

p 21 T sy 



(12) 



Applying this expression to tlie evaluation or" Ug^ for 
several airplanes (taking; = 30, - 20 and appro- 

priate valuGs for tlie roraainicg torns) rovoals that, very 
nearly 



Ellis value nay, tixorcforo, oo soloctcd as a practical dc^ 
sign value tliat can to generally applied and that results 
in tring-root 'bGiiding aononts in tiao unsynnetrical condi- 
tion very nearly equal to tlao 'bonding aor-iCnts in the design 
syuaotrica,! gxxst coadition* 

In a sinilar way a valxio of 'J^'' cm "bo found to arivo 

approsinatoly equal shears. It has hoon found by tho a.\\- 
thors that tho rosult is suligtantially tho sane and tho 
derivation ^ill not "be prosontod hore. 



Alleviation resulting fron angular locity-^ .« In treat- 
ing the unsynnctrical gust as an effective •■^ust in a nannor 
analogous to tho treatnent of the synaetrical RUSt Tsefore 
the introduction of the alleviation: factor, f, (S,B, Uo. 
67), the nonent of inertia, Ijr, plays a role analogous 
to that previously played ty the wing loadini'^ in the syn>- 
netrical case; that is, other things hoinf egual, the anrru* 
lar acceleration is found to ho inversely proportional to 
tho r^onent of inertia, She question arises as to -whether 
the angular acceleration actually ■belmvos in such a rsanner 
with changes in. nonent of inertia. 



Suhsequont to preparation of this section, conversations 
with Lt, Condr. R. S. Hatcher, U.S. IT., indicated that qual- 
itative discussion night he insufficient to clarify the 
effect of chan,5es In the nor-iont of inertia on angular ac- 
celeration:. Accordingly, an appendix has "boon included to 
show the effect quantitatively for an assunod f^ust distri-. 
hution. and with tho lag in developnont of lift neglected. 
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In order to clarify this guostion; sonewliat^ let us 
first consider briefly and qualitatively the influence* of 
tlio wing loading in tho symmotrical caso. According to 
tlio siiuplo sbarp-odgo gust formula, tho load- factor incre~ 
moat is invorscly proportional to tho wing loading. Two 
phonomona oporatQ, however, to prevent tho wing loading 
from having such a direct affect, namoly, th© lag in de- 
volopiaont of lift -wlaon the anglo of attack suddenly changes, 
and tiio finite gradient of an actual gust. Both, of those 
phenonjona join in producing a finite period, of time of ap- 
preciable duration between tho initial onset of tho gust 
and the aasiraur^ acceleration. As a result, tho airplane 
acquires a vortical, velocity during tho period of increas- 
ing acceleration and this velocity suhtracts froa tho gust 
velocity resulting in an alleviation of load, or in an of- 
fcctivo gust velocity substantially less than tho truo gust 
velocity, ITow, it Is clear that a lightly loaded airplane 
acquiros greater vcrtico-l velocity than a heavily loaded 
airplane, other things "boin.^ equal, so that tho relative 
alleviation . is greater in tho forrjor case. The effective 
gust velocity for a lightly loaded airplane is, therefore, 
less than the effective gust velocity for a heavily loaded 
airplane v/hon the truo ^^ust velocity ronains constant. 
This phonoraonon has "boon conservatively takon care of in 
tho design roquironents Cor synnotrical gxists through tho 
use of an effective gust factor, f , which varies with the 
wing loading. Tho effect of this factor, -^hon applied in 
the sinple gust foruula, is therefore the sane as if tho 
wing loading itself wore appropriately raodifiod; that is, 
tho acceleration celcuiatcd \7ith the factor f included 
shows less relative cho/ngo with wing loading than nould bo 
tho case if the factor woro not usod* 

An analogous effect occurs in unsyunctrical conditions 
owing to tho devolopnent of angular velocity in roll,, and 
since tho distance froa the plane of synnetry to the lat- 
eral center of pressure of the un symmetrical component of 
load is much greater than the radius of gyration (with a 
linear unsymmetrical distrihution) , the airplane all the 
more readily acquires an angular velocity in roll, Iho 
effect of tho unsymmetrical gust is therefore alleviated 
in ahout the same degree as tlic vertical gust is alleviat- 
ed in the caso of lightly loaded airplanes. It is quite 
possible, in fact, that the reason, for the experimental 
value of » found fron the X3-15 neasurenents , being so 
much less than Uq is a result of the much greater allevi- 
ation fn roll than in translation. " the ratio of to 
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Uq 'being approxiraatoly the sara© as has '00011 found iron a 
rougii quantitative ostlnatc of tho rolativo alleviation froa 
tho two condit,ion0e 

It is thoreforo evidont that tlio uso of a single value 
of GffGctivc gusfe velocity, IT|j, for the unsyniactrical 
coraponoat will cause apparent cliangos in angular accolera- 
tion with, nonont of inertia that aro not fully nado good 
under actual fliglit coxiditions, Thoro should, strictly 
speaking, to an alloviatioh factor applied to in tho 

sar-KJ naxinor as tho factor f is applied to tho iDasic syn- 
notrical offoctivc gust of 30 foot per second, Eo^ovcr, 
we lie not in a position at the present time to derive 
such an alloviatioa factor exoopt in a vory rough and arbi- 
trary Yi^xja -^a alternative and t^-Jiplor procoduryo open to 
us It to allow for tho alle%'-iation oxfect "by fixing the 
value of l^^z '^^'^ each significant airplane typo, so 
that tho angular acceXoratioJi will not vary at all rrlth 
changes in moxaont of inertia when other qxiantitics roinaini 
tho same. Such a pro:C#d.u#e yields a more nearly correct 
ros*alt than if a fised value of IT^ is used in conjtmc- 
tion with variable "h /"k-^. Certainly, at least, there is 

little justification! for a meticulous detorminatioh and 
uso of moncrit of inortia until such tirao as a reasonably 
correct alleviation factor for the unsyaaetrical case cam 
he vTorkod out. 

In view of tho foregoing discussion, it seeias suffi- 
cient for the present purpose to define the nonont of in- 
ortia as 



S g 



■fa 



2 



in ';7hich tho ratio b /k^^ assigned valuos that take 

into account prono-meed difforoncos in tho nature of tho 
dosigUa After consideration, of available data on nononts 
of inertia and of the angular accelerations resulting fron 
application of different valuos in conjunction with the se- 
lected valuo of U.j; at speeds 25 percent greater than 

naxinun speeds in level flight, tho authors consider tho 
following values of h/k^^ t o be roasonahlo: 
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AirTilane , type la /k^j 

SinglG-engino 8#25 
Two-ongine and tlireo-ongino 7o75 

Thego values, of course, may not be applicable in sou© cases 
in wliicli there are peculiarities in desigm or arrangenent 
of na s s , 

Song (■■(^.icAi.'H.pA cicl. ■rjsa.all.s- ^ i'or conparativo purposes, 
engine-'-Jount load factors have "been conputed for (a) the 
e sta'blished synnetrica2 gust condition, ("b) the proposed 
■ansrfranetrical gust condition, and (e) the 100/70 condi- 
tion, In all cases the airiJlai^es arc tafeen. in Light condi- 
tion^ at speeds 1<,25 tii^os the aaximtxra speed in level flight. 
The design symmetrical gust velocity is taken as 30 f feet 
per second and is taken as 20 feet per second, Sadii 

of gyration are taken in conformity aith the ratios Tj/k^ 
suggested in the foregoing loaragraph, 

The data used and tho results obtained arc tabulated 
in tabla I, Tho angular accelerations are plotted in fig- 
ure 2, Ho-5? 13 of tahlo I gives tho positive and negative 
load factors coraputod in tho symmetrical gust condition, 
row 16-> tho enginc-aount load factors for the outer en- 
gines is tho proposed unsyiamctri cal condition., and row 20, 
tho engine-mount load factors for tho outer engines in tho 
100/70 unsymnotri cal condition. It will ho noted that in 
all cases hut one the proposed unsymmctrical criterion 
yields a sorae"57hat more conservative result than the 100/70 
criterion,, Tho exception is the single-engine fighter, 
in which case the high nanouver load factor resiilts in an 
excessive angular conponent when th.e 100/70 criterion is 
used. That the proposed criterion yields tho nore con- 
servative values rrhonj gust conditions govern docs not sig- 
nify that it is unduly severe. Tor example, figure 2 
shows that, in tho case of tho XB-15, tho angular acaeler- 
ation- conputed fron the 100/70 criterion, is about the saae 
as tho value actually noasured in air that was only noder- 
ately rough;, i??hereas, as have seen, tho value conputed 
fron tho proposed, criterion is higher only hy an anount 
sufficient 'io allow for air that is gusty enough to cause 
effective synqetrical gust velocities of 30 feet por sec- 
ond. It nay also bo nontioned here that Y-G data taken on 
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a B-247D airplane of Pennsylvania Obntrs.! Airlines shoved, 
ovor a aodcratoly long operating period, that tho accel- 
erations at tho engine mov.v.t wore about 0,5g laiglior than 
at the center of gravity. This result is in good agree- 
laent "tritlx the results computed for the 14-H and DC-3 (table 
I, rows 13 and l6)o 

The case of the airplane Tsrhose design is governed by 
maneuver requirements should, perhaps, oo treated somewhat 
diffcroivtly than tlio caso of tho airplano dosignod by gust 
conditions aloneo In tiio opinion of tiio authors, it mould, 
bo logical to detoraino the angular accoloration resulting 
from the unsyrametr iea.1 gust and to superimpose it upon tlie 
normal maneuvor load factor reduced "hy an amount equiva- 
lent to SO percent of the syaimetrical gust load factor 
tliat would apply at the design speed and weight. Such pro- 
cedure tacitly assuaos that the nanouvor load factor is 
made up of t'^ro componentSj, ono a true manouvor load factor 
and the other a gust component; sineo tho coabination is 
constant for a given design., tj^^orG is a furthor tacit as- 
sumption that the components are variable, tho nanouvor 
conijoncnt bocouing scallor as tho gust conponont increases, 
aad vice versa, so that the load factor is roalizod hy a 
maneuver alone only t/hen the air is smooth, Ihoso impli- 
cations are present in tho existing nornal load require- 
ments, if not esrprossly atatod, and they are not unreason- 
able fyhon considcrod in tho light of actual flying practice. 

Before concluding, further reference is made to fig- 
ure 2, T7hich shows r number of valuos of angular accel- 
cratinn. plotted against a scale of airplane span, Tho 
hyporl3olic ctxrvos shown havo a special significance ex- 
plained in tho appendix. She features of greatest inter- 
est on figure 2 are the values of angtilar acceleration for 
tho XB-15 aiid for tho SJISO-S, In the former caso, as 
previou-yly nontioned, tho proposed un^-yamotrical criterion 
yields a proporly highor accoloration than tho 100/70 cri- 
terion T^hon concidorod in tho light of tho measured valuo. 
In the latter case, the proposed criterion yields an angu- 
lar acceleration tnat is also ^J.ighQV than an experimental 
value obtained in an abnormally abrupt aileron maneuver; 
at the same time, the 100/70 criterion yields a value that 
is obviously oxces-sive both with respect to probable ai- 
leron and to probable gust conditions. It appears that 
tho proposed criterion gives results that are not only rea- 
sonable for tho gust conditions but that it also probably 
yields a result that is adequate to tako caro of any normal 
aileron maneuver so far as the moro question of angular ac- 
celerations i s conccrnod. 
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COafCLUSIOKS A2TD ESCOMMEITDAriOHS 



TliG prosont status of knowlodgo of gust structure in 
tlae atrflospliere and the nature of the general nonuniform 
gust problem do not permit selection at this time of a 
single, OF a few simple gust lis tritut ions to apply to a 
rational solution of tho problem, Howovor, a criterion, 
with a rational frame-work can bo established far the dot er~ 
minationi of outboard load factors resulting from syamotri- 
cal and xinsyaiaetr leal gust couponents. 

Such a criterion, tiie numerical values of which are 
based on angular acceleration aeasiir stents aad.o on the 
X3-15 airplane in rough air, ia suggcstoda It states: 

iTt ~ 20 ft/'soo 

Ai rpl aiao typo b /k^- 

S ingle- ongino 8,25 
Two-ongino and threo-onginQ 7e75 
four-engine 7,25 

T7hor o 

Uq' synniotrical offoctivo g^X3t coriponont to bo 
used concurrently with tho unsynnotrical 
coaponcnt 

Uq design syanetrical effective gust 

X}^ effective gust velocit7 at the tips; positive 
on one tip and negative at; tho other with 
E in oar distribution between 

b/k^ ratio of span to radius of gyration 

In applying the criterion, U^* is used in the usual way 
to obtain the notfnal coaponent of a,cael oration; the angular 
acceleration, a, is conputed frou 
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Ol q. % t 



a = 



w 
g 



7 , tlio rolling nonent coefficient for linear un- 



v,'3aore 0' 

synraotrical load distribution, is obtained fron reforenco 4, 



Tho use of consttmt values of ^ /^x ^^P® is 

recoaraendGcl in place of the actual calculated valuos be- 
cause such tiso yields a result aoro nearly in accord nith 
angular accelerations to to expoctod in flight than tho 
USE of actual values, and -oecause it is sinpler. It has, 
in Pact, "been sliOTrn tlaat, other things heing equal, tho 
angular acceleration veiries Dxit little nith nonent of in- 
ertia, whereas the use of tho sinplo foruula a = M/I 
would yield an angular acceleration varying inversely as 
tho nonent of inertia. 



The values of tFj.o etc,, suggested, should, "be applied 
with the airplane in light condition at laaxiaun pernissihle 
gliding speed. In the case of airplanes designed by a ma- 
neuver load factor, tho syranetrical gust load- factor incro- 
nont corresponding to at tho design speed and weight 

should ho aeternined and tho raanouvor load factor should he 
reduced hy 20 percent of tho gust- load coraponent hoforo 
applying the unsynnetrical gust distribution. 

It nay be found preferable, if the proposed criterion 
is accepted in substance as a design roq.uir oaont , to spec- 
ify that 

=5 0,67 Uq 

vhcrc the ratio 0,67 is the ratio of 20 to 30 '.Thich nay be 
considered, in conjunction with the use of fixed values of 
"b /ir-jj, as a tenporary alleviation factor for tho unsynnet- 
rical case corresponding to tho variahle factor f used 
for the synuetrical case. In this nanaer tho hasic unsyn- 
netrical gust is tied in nith tho basic synnetrical gust 
and the way is left open for inprovenents or nodif ications 
to tho unsyaaotrxcal alleviation tern ^hen further infor- 
nation hccones available. 
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Q,uanti tative Illustration of Hate of Cliange 
or" Angular Acceleration with Moaont of 
Inertia in Gusts Having finite Gra di Ciits 



In order better to demonstrate the manner in wliicli 
the nonent of inertia, affects the angular acceleration in 
unsyiaraetrical gust conditions, an expression is herein 
derived for the angular acceleration in lineally graded 
unsynmotrical gusts liaving linear gradients in the direc- 
tion of flight as well as in tlio diraction of the span, 
Tlio unstoady-lif t effect it negloctods so that tho results 
arc only approxiinat el^ correct xor tho "true" gust condi- 
tion's assusGig fiov'/C'vor,, i llustratix'-e calculations based 
on tlic osprcssior doxived are adequate to show tlio influ- 
ence of fiio tirac oloKcnt in causing alleviation of the an- 
gular accele cati c, a and in suppressing the effect of the 
moiaent of inertias 



figure 3 illustrates the type of gust assumed. At: 
any instant tho rolling moment 

L = la 



consists of two conponcnts: that resulting from tho dis- 

tribixtiom of angle of attack associated directly with the 
assuEod gustj and a component rcsuitiiig from a simils-r 
di strs "i?ut,i o-'i of rnglo of attack assoeiatod with the roll- 
ing velocity about the X axis, Wc therefore write 




Differentiating, 
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dt 



s 



2 ^^i:^^ 



a 



(3) 



Tlio solution of this differential oquation is 



a = 



2U V 
H 1) 



1 - e 



2 1^ 
^ S 



(4) 



Angular accelerations have been computed at time 

TT 

t e; ^ according to this expression for tlie following con- 
dit t)ns : 

b 120 ,f t 

I 25 It/sq. ft 

7 200 ft /sec 

TJnax 18 ft /sec 
0, 0 ,455 

H variable 
~ variaTalo 



Tlio results 
glance that 
clxango of an 

viz, witli 

change with 
value of H 
than 60 ft) 
pletely aero 



arc plotted in figure 4, It is apparent at a 
when H has approciaM© valuo tho rate of 
gular acceleration with moment of inertia 
/ Ta "^ ^ 1 

) is greatly reduced fron tho rate of 
^^X^ J 

H = 0, For the size of airplane selected, a 
of about 100 to l^bO feet (certainly aot less 
would be about right for a gust extending com- 
ss the Bpani in the manner assumed. Between 



23 



noraal linits of Cb/k^.) , naqoly, Tsotwoen about 50 and 

80, and with H = 100 feet, tlio cliango in angular acc^olor- 
ation is only about ±10 pof'cent of tlxo noan value as against 
a ehange of ±33 porcont with tho eondition H = 0, 

The effects pointed out in tlxo forGg,oing paragraph 
sliould not be construed to nean that tho nonqnt of inertia 
has no groat effect wlicn it changos as a rosult of a cliango 
in tlio airplane siz©. In ordor to show tl+is influonco, 
curvG sogncnts have boon calculated and aro sliown plotted 
on figure 2, 

The d.ashed se/^nents are based on the atssunption of 
constant wing loadin.^ and r^radient distance, H, using tho 
sugr'jostod values of b/kj; for tho thrco-siao categories. 
The ordinate s of thoso curves have boon adjtLStod so that 
the right-hand segnont passes through tho "criterion" 
point for tho XB-15 airplano. The curve sogaonts thero- 
fore show the effect of roducod size on angular accelera- 
tion when all other quantities remain constant. The points 
plotted for the DC-3jp Lockheed 14-H, and XS'130-3 airplanes 
on the basis of the suggested criterion do not fall exactly 
on thoso curve sograents because of differences in spood and 
wing loading botA^om thoso airplanes and tho valuos for tho 
XB-15. 

The dotted segments aro based on tho assumption that 
H is proportional to tho span, tho wing loading remaining 
constant. The effect of this assumption which, as we have 
scon, is probably more nearly correct than the assumption 
of constant H, is to cause the angular acceleration to 
increase at a substantially more rapid rate with decreas- 
ing span than occurs with the assumption of constant H 
implicitly underlying the suggested criterion. This be- 
havior suggests that the criterion yields unconsorvativo 
angular accolorations when applied to the smaller air- 
planes. However, it should be borno in mind that the cri- 
torionialso conservatively assumes that "U-^ remains con- 
stant nith airplane size. If H wore assumed propor- 
tional to tho span, it probably mould be moro logical also 
to assume that was reduced according to some relation- 

ship such as oc H, This combination of assumptions 
nould substantially reduce the ordinates of the dotted- 
curve segments. It is also worth reiterating at this point 
that the criterion, as it stands, yields a value of angular 
acceleration for tho XJ130-3 airplane that is substantially 
greater than that measured, at high speed in an abnormally 
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abrupt; aileron maneuver, This result leads us t o feel 
that the criterion is addquate for all practical purposes, 
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TABLE I 





XF13C-3 


Lockheed 
14-H 


Douglas 

DC-3 


Douglas 

DC-4 


Boeing 
XB-15 


Boeing 
314 


Number of engines 


1 


2 


2 


4 


4 


4 


Gross weight , lb 




17,500 


24, 400 


47, 000 


69,000 


82,500 


Light weight. To 


4662 


12, 700 


15,400 


42,500 


52, 000 


55, 000 


Wing area., sq f t 


205 


545 


987 


2,150 


2,780 


2, 867 


W/S (li0±) , lb/s<i ft 


22.7 


23.3 


19.7 


13.8 


18.7 


19.2 


Span, h, ft 


35.0 


65.5 


95 


138 


149 


152 


Span/radius gyration 


S.25 


7.75 


7.75 


7.25 


7.25 


7.25 


Indicated max. level 
speed, 7f , mph. 


237 


216 


197 


190 


190 


190 


Indicated max. glide 


29 5 


270 


247 


237 


238 


238 


Slope lift curve, m 


4.55 


4.76 


4.76 


4.75 


4.78 


4.75 


Gust factor, f 


1.07 


1.07 


1.04 


1.04 


1.02 


1.03 


Distance t o cuter en- 
gine 


0 


7.6 


9.3 


27.5 


27.5 


29,0 


Gust load factor, rig 


4.32 
-2.32 


4 .08 
-2.06 


4.25 
-2.25 


4.10 
-2.13 


4.23 
-2.23 


4.18 

-2.18 


Reduced gust load 
factor, Hg ' 


3.65 
-1.65 


3.47 

-1.47 


3.60 

-1.60 


3.48 
-1.48 


3.59 
-1.59 


3.54 
-1.54 


Load factor due to 
ang. accel., nQ_ 




±l.B8 


±1.17 


4 1.99 


f1 .98 


±1.98 




3.65 

-I . DO 


4.73 

O TO 


4.77 

—2. 77 


5.47 
—J. 4 / 


5.57 
—J.o/ 


5.52 

— J.5«5 


Angular acceleration. 


12.5 


5.42 


4.06 


2.33 


2.29 


2.20 


ng« (100-70) 


3.67 
-1.55 


3.47 

-1.77 


3.62 
-1.92 


3.48 

-1.78 


3.60 
-1.90 


3.55 
-1.85 


net (100-70) 
(ns^+nct) (100-70) 

Ang . accel . , a ( 100-70 ) 


3.67 
-1.55 

17.00* 


± .75 

4.22 
-2.52 
3.16 


±. . 55 

4.27 
-2.57 
2.27 


± .96 

4.44 
-2.74 
1.22 


± .91 

4.51 
-2. SI 
1.07 


± .93 

4.48 
-2.78 

1.04 



*Based on an applied maneuver load factor >f 8.00. 
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